Abstract. The propagation of cracks in graded materials under monotonic and cyclic loading was investigated via experiment and simulation. Graded alumina/epoxy composite specimens exhibiting a variation in composition from 5% to 65% epoxy, representing a twenty-fold variation in Young's modulus, across a region of width between 6 and 20 mm, were produced by a multistep infiltration technique. Crack initiation and propagation under monotonic and cyclic four-point bend loading was monitored and crack trajectories and growth rates were measured. Initial crack deflection was observed, in agreement with theoretical and computational predictions in the literature. Cracks exhibited further deviation as they traversed the graded region. Higher deflection angles were observed for specimens with steeper gradients, and for those with cracks initially located closer to the compliant side of the gradient.
Introduction
A key motivation for the initial development of functionally graded materials (FGMs) was to reduce the likelihood of failure at joins between different materials [1] . At such an interface, mismatch of mechanical properties and the generally poor cohesive affinity between different classes of material leads to limitations in strength and structural reliability. Failure in FGMs has attracted significant theoretical and computational attention [2, 3] , however experimental investigation of mechanical behaviour of FGMs, particularly stable crack growth and cyclic fatigue, has been limited. Previous experimental studies on fatigue crack propagation in graded materials have been focussed on cracks directed parallel to the gradient direction [5, 6] , whilst investigations of cracks perpendicular to the gradient have usually involved fast fracture [7, 8] . Such cracks have tended to deflect from their original direction, as predicted theoretically, due to local mode-mixity caused by asymmetry of mechanical properties and stresses around the crack.
This paper details an investigation of the effect of a graded region on crack propagation at material interfaces. A model composite system was used, comprised of interpenetrating alumina (E = 390 GPa) and epoxy (E = 3.4 GPa) phases, enabling large variation in mechanical properties to be attained. Stable crack propagation was investigated under both monotonic and cyclic loading. As both constituents are brittle, crack propagation was considered to occur within the linear-elastic regime, though process-zone or crack-wake effects could potentially influence crack growth, as in many composites. Cracks were grown from notches directed perpendicular to the gradient direction, so that deflection and subsequent propagation could be examined. A finite element (FE) based model was developed for calculation of stress intensity factors (SIFs) and simulation of crack growth. This was used for a priori simulations to compare with experiment, and also for analysis of experimental data, as expressions for SIF in homogeneous materials are inappropriate for use with graded materials. In this paper, the production and testing of samples are described, then results for homogeneous composite specimens are presented. The simulation methods are outlined, then experimental and predicted results for graded specimens are compared and discussed.
Experimental Methods
Sample Preparation. Homogeneous and graded specimens were produced using the same multistep infiltration approach [10, 11] . Open-celled polyurethane foam (Bulpren), compressed to required density, provided the interpenetrating structure. Alumina slip (Taimei) was infiltrated into the foam, then dried. For homogeneous specimens, a single piece of foam was used, whilst several pieces of different density were used for graded specimens, to create a stepped variation in composition. After drying, the foam and slip additives were burnt out leaving a continuous network of pores, then the ceramic was sintered. Epoxy was infiltrated into the pores and cured, then specimens were machined to size and polished. A representative graded specimen is shown in Fig.  1(a) , with approximate dimensions. Optical microscopy was used to examine the composite structure and calculate composition. An example of the composite structure in a graded specimen is displayed in Fig. 1(b) , showing the interface between two steps. Testing. Elastic properties of homogeneous composites were obtained via the impulse excitation technique [10] , and these were used to estimate the property distribution in graded specimens. Stable crack propagation was investigated under monotonic and cyclic loading, utilising a four-point bending configuration. Homogeneous specimens, with approximate dimensions 3x8x45 mm 3 , were tested in a 40-20 mm span, whilst graded specimens were tested in a 120-60mm span (symmetric specimens, dimensions: 6x30x130 mm 3 ) or an 80-40span (asymmetric specimens, dimensions: 6x30x85 mm 3 ). Notches were sawn into the specimens then sharpened with a razor blade and diamond paste, to achieve a straight notch-front with notch-root-radius around 20 µm. Fracture testing was conducted using a screw-driven Instron 1185 in displacement-control mode. A servohydraulic MTS 810 in load-control mode was used for fatigue testing, with sinusoidal load variation, at 8 Hz, and a load ratio of R = 0.1. Crack growth was monitored throughout, using an 
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Functionally Graded Materials VIII Olympus microscope on a travelling x-y stage, with an Optronics digital camera. Crack trajectories and lengths were calculated from image correlation.
Results: Homogeneous Specimens
The measured elastic modulus and crack initiation toughness values are shown in Fig. 2 (a) over the composition range. Young's modulus values agreed well with predictions from the effective medium approximation (EMA) [10] , which are included in the figure. Toughness values decreased exponentially with increase in epoxy content as shown by the fitted curve. Fatigue crack propagation rates as a function of stress intensity amplitude, ΔK, are shown in Fig. 2(b) . Results show reasonable agreement with the Paris law, although crack-extension toughening appeared to cause significant scatter in ΔK values. High values for exponent, m, characteristic of brittle crack propagation, were observed, with little apparent variation across the composition range, implying that fatigue crack-growth mechanisms were similar for all compositions investigated. Increase in toughness was observed for specimens under monotonic loading, as in Fig. 3(a) . This was attributed to the development of a bridging zone behind the crack-tip, in which intact epoxy ligaments provide tractions that shield the crack-tip. Evidence for this crack-wake phenomenon was also detected in specimens under cyclic loading, though this is more difficult to analyse. 
The variations of the adjusted values, ΔK adj , with crack extension are displayed in Fig. 3(b) , which show good qualitative agreement with the R-curves under monotonic loading shown in Fig.  3(a) . Relative toughness increase up to 1.8 was observed for alumina-rich composites, though toughening effects diminished with increased epoxy content. This was attributed to the high susceptibility of epoxy to fatigue degradation, which has been observed in tests on pure epoxy. (b) (a)
For simulation of graded specimens, assumed spatial distributions of stiffness and toughness were required. These were calculated from spatial distribution of composition, using the fitted curves in Fig. 2(a) . Fatigue behaviour was assumed to obey Paris-law for subcritical values of ΔK, with a constant exponent m = 24 assumed for all compositions. Crack-extension toughening effects were approximated simplistically from the crack-tip toughness, estimated from the composition at the crack-tip, and the relative increase in toughness estimated from the average composition in the vicinity of the crack. While it is understood that the complex crack-extension toughening processes would be addressed very crudely by this approach, it was considered adequate for a basic estimate. 
Computational Simulation
Finite element simulation was conducted using ANSYS, a commercial FE software package. Specimens were modeled in two dimensions under plane stress conditions. Meshing was conducted under free-meshing conditions with significant refinement around the crack, resulting in approximately 3500 quadrilateral elements. A circle of triangular quarter-point elements was used at the crack-tip, to allow a stress singularity there. Young's modulus values, calculated from compositional distribution, were assigned by defining a temperature-dependent modulus, E(T), and assigning spatially-varying nodal temperature values. SIFs were calculated by correlation of nodal displacements near the crack-tip. An automated routine was developed to delete the mesh around the crack, modify the crack geometry and redefine the mesh, allowing the crack to propagate. For a priori simulations, propagation direction was predicted using the local symmetry (K II = 0) criterion, and critical loads were predicted from estimated values of effective toughness. As material property variation was negligible at the scale of the crack extension increments, the use of the K II = 0 criterion for graded specimens was assumed to be valid. For analysis of experimental data, the measured crack path coordinates and load values were used, along with assumed spatial property variation, to calculate stress intensity factors and fracture toughness. The FE methodology used has been validated previously, and applied to investigation of a range of issues influencing crack propagation in graded materials [12] .
Results: Graded Specimens
A range of graded specimens was tested under monotonic and cyclic loading. Key results presented and discussed here illustrate several interesting aspects of the crack propagation process. In Fig. 4(a) , experimental and simulated crack paths are compared, for a graded specimen with the crack initially positioned toward the alumina side of the steep gradient. The observed crack path is very similar to the predicted path, even after the onset of fast fracture and after the crack passed from the graded composite region to the epoxy. The adjusted SIF amplitude, which was interpreted as a measure of the fatigue resistance increased with crack extension as the crack propagated within the composition step in which it was initially located. At the interface with the next step, which had higher epoxy content and lower toughness, the crack suddenly fast fractured, due to the sharp decrease in effective toughness and the increase in stress concentration. Fig. 4 : Fatigue crack propagation in a graded specimen of 20mm width: (a) predicted and observed crack paths, and (b) variation in effective fatigue resistance, ∆K adj , and relative stress intensity factor, K/P, normalised with load, P, as calculated from the FE model, with and without including the gradient effect. these gradients. The effect of gradient width is illustrated in Fig. 5 . Fig. 5(a) shows that a narrower gradient region, which has a steeper gradient, causes the most deflection whilst a wide region causes the least deflection, as predicted by FEA. The effect on toughness profile is twofold: cracks in steeper gradients propagate at a wider angle, and the graded region is narrower, so these cracks will traverse the gradient region much faster than those in less steep gradients. The implications of this are shown Crack-extension effects are in competition with effects of changing composition at crack-tip. The variation in toughness experienced by a crack moving from one step to the next is illustrated in Fig. 6 . The point at which the crack crosses the step interface is shown in Fig 6(a) , which also shows that the fatigue crack path was fairly close to the predicted path. As the crack moves from one step to the next, the effective fatigue resistance, ΔK adj , and relative stress intensity, K/P, both decreased suddenly. The increase in toughness was more dominant, so the crack advanced Interface between steps
Functionally Graded Materials VIII significantly and a reduction in applied loading was required in order to avoid unstable crack growth. A similar effect is observed in Fig. 7 . In this case, the crack traversed a large portion of the gradient so a series of sudden reductions in toughness were observed, corresponding to the crack moving from one step to the next. As the crack moved across each step, the resistance was observed to increase, due to R-curve effects as observed in the homogeneous specimens. The R-curve effects diminished with increasing epoxy content, so that the reductions in resistance at interfaces led to an overall reduction in the total fatigue resistance. Comparison in Fig. 7(b) of the crack-propagation resistance values calculated including the gradient effect, with those calculated without this effect, highlights the importance of including material gradient in calculations.
Conclusions
Crack propagation under monotonic and cyclic loading was investigated in graded alumina/epoxy composites. FE simulations of propagation in graded specimens were conducted, employing measured properties of homogeneous specimens. The following conclusions were reached: 1. Crack paths may be predicted reasonably well through FE simulations, under linear-elastic conditions. Observed disparity was attributed to toughness anisotropy or bridging effects.
2. Crack-extension toughening effects in homogeneous specimens, observed under monotonic loading, were also detected under cyclic loading by adjusting SIF amplitude values.
3. Compositional variation experienced by cracks propagating in graded specimens led to a toughness decrease, which occurred suddenly at step-interfaces in the specimens studied.
4. The combination of crack-extension and compositional variation effects led to cyclic variations in effective crack propagation resistance across steps, though an overall decrease was observed.
